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Settlement of Three Grain Tanks on Alluvial Soils 
Exhibiting Desiccation Profiles 
S. R. Saye 
Assistant Project Engineer, Woodward-Clyde Consultants, Omaha, Nebraska 
SYNOPSIS: A desiccated crust of overconsolidated soil commonly forms at the surface of com-
pressible soil deposits. If a depression of the groundwater level occurs, the desiccation zone 
penetrates into the soil profile. At sites where the groundwater level has subsequently risen, a 
net overconsolidation will exist in the soil profile below the crust. Settlements of structures 
may be affected by the overconsolidation and by the ability of the desiccated layer to distribute 
surface stresses over the lightly overconsolidated soil below the crust. This paper presents the 
use of profiles of laboratory test results and observation of color changes within the soil pro-
file as independent methods to evaluate the thickness of the desiccated crust and the amount of 
overconsolidation below the crust. The settlements of steel grain storage tanks founded upon 
alluvium exhibiting desiccation profiles at two sites in Western Iowa are presented. The net over-
consolidation stress was estimated from the yield point of the load-settlement curve using elastic 
stress distribution methods. Estimates of the. stress history of the project sites obtained through 
settlement observations are compared with estimates based on profiles of laboratory tests and color 
changes within the profile. 
INTRODUCTION 
A desiccated crust is recognized as a surface 
layer of soil overconsolidated by drying. In 
cohesive soils this surface crust can exhibit 
high strengths resulting from the capillary 
tensions created during drying. This over-
consolidation typically decreases with depth, 
terminating at th~ lowest past (relict) posi-
tion of the groundwater level. Where existing 
groundwater levels match the base of the crust, 
normally consolidated stress conditions would 
be expected to exist below the crust. Where 
present groundwater levels have risen above the 
base of the crust, a net preconsolidation would 
be expected to exist within the soil below the 
crust due to the reduction in overburden 
stress. The net preconsolidation will be uni-
form below the relict water level. Figure 1 
illustrates the combination of stresses 
expected due to drying of the surface crust and 
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FIGURE I . VARIATION IN STRESSES CAUSING OVER-
CONSOLIDATION IN A DESSICATED PR()FILE 
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Soderman and Kim (6) reported such an overcon-
solidation effect, observed during construction 
of a roadway embankment upon St. Clair glacial 
till in Ontario, Canada. Predicted and ob-
served settlements were correlated only when 
an overconsolidation due to a fluctuation in 
groundwater levels from present levels to the 
base of the crust was taken into account. It 
follows that improved accuracy in definition 
of the thickness of the crust and position of 
the relict water level would improve the accu-
racy of settlement estimates. Two case his-
tories are presented to demonstrate the use of 
color changes and profiles of geotechnical 
tests to more accurately define the soil 
stress history. 
GEOLOGIC SETTING 
The valleys of Western Iowa have been formed 
within thick deposits of Pleistocene loess 
overlying older deposits of glacial till and 
cretaceous bedrock. Loess covers most of the 
existing landscape. In the larger valleys, 
deposits of sand represent older erosional 
periods of the glacial till and bedrock forma-
tions prior to loess deposition. The Holocene 
deposits are generally composed of silts and 
clays derived from erosion of the loess and 
form the most compressible soil unit. 
The Holocene soils form the surface deposits of 
the valleys, collectively described as the De 
Forest Formation (l). Researchers (1, 10) have 
shown a systematic aggradation and degradation 
of the valley alluvium resulting in a system 
of broad terraces incised by deep gullies along 
the stream channel. Thick topsoils are often 
found within the surface of the terraces, 
suggesting that surface elevations were stable 
since deposition. The mode of deposition of 
the terrace alluvium suggests initially nor-
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mally consolidated stress conditions within the 
surface units, followed by desiccation. The 
characteristic deep gullies form an outlet for 
groundwater, allowing formation of a desiccated 
crust within the terrace alluvium. Refilling 
of the channels can alter this outlet•allowing 
a subsequent rise in terrace groundwater 
levels. Climatic variations since deposition 
may also contribute to the formation of the 
desiccated crusts by varying the general water 
levels. 
EME!l.SON SITE CONDITIONS 
Emerson, Iowa is located in western Mills 
county along a tributary to the West Nishna-
botna River. Soils developed in loess parent 
material form the adjoining uplands with soils 
developed in loess derived alluvium forming 
the surface foundation soils encountered at 
the project site (9). The site investigation 
found fills 1 to 2 feet thick~ Additional fill 
was placed during construction, resulting in 
an average of about 4 feet of fill across the 
site. Topsoils about 3 feet thick mantle the 
natural soils. The surface unit of alluvium 
exhibits a medium plasticity and yellowish 
brown colors and becomes gray with rust-stained 
joints near a depth of 13 feet from final site 
grade. The rust joints disappear near a depth 
of 18 feet. A second unit of olive, clayey, 
sandy silt was encountered at depths of 24 to 
29 feet. Medium dense, coarse-textured sand 
was encountered near a depth of 36 feet, under-
lain by sandstone near a depth of 50 feet. A 
static water level within the borings was en-
countered near a depth of 7 feet prior to con-
struction and one year later. The water level 
in borings penetrating the sand and in borings 
that ended within the cohesive alluvium were 
observed to stabilize at about the same level. 
Laboratory test results are presented in 
Figure 2. 
ANITA SITE CONDITIONS 
Anita, Iowa is located in western Cass County 
along a tributary of the East Nishnabotna 
River. Soils developed in loess parent 
material form the uplands, soils developed in 
glacial till form the side slopes of the 
valleys, and soils developed in loess-derived 
alluvium form the surface foundation soils at 
the project site (8). Topsoils about 2 feet 
thick mantle the natural soils. The surface 
unit of alluvium exhibits a low to medium plas-
ticity with dark yellowish brown colors and 
becomes light gray with rust-stained joints 
near a depth of 20 feet. The jointing dis-
appears near a depth of 24 feet. A medium 
dense to dense gray sand was encountered at 
depths of 41 to 45 feet. Prior to construction 
and 4 years later, the static water level in 
open test borings was encountered between 
depths of 15 to 16 feet. Laboratory test re-
sults are presented in Figure 2. 
EVALUATION OF CRUST THICKNESS 
A desiccation crust can exhibit a strong 
effect upon the geotechnical properties at ~ 
site, preconsolidating the surface soil with a 
concurrent increase in strength. With depth, 
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FIGURE 2. LABORATORY TEST RESULTS 
the effect or the desiccation decreases to a 
position where 'the weight of overburden is the 
only consolidating stress, typically at the 
water table. This combination of stresses re-
sults in the characteristic profile strength 
observed in many studies in which the precon-
solidation stress and the shear strength first 
decrease with depth and then increase (5,7). 
Since the desiccated crust has a strong in-
fluence on the geotechnical evaluation of a 
site, accurate definition of the thic~ness of 
the crust would improve the reliability of 
settlement estimates. 
Plots of preconsolidation stress from oedometeJ 
tests, penetrometer strength values, and 
liquidity index vs. depth are presented in 
Figures 3 and 4 for the two sites. The plots 
show the characteristic decrease in strength 
within the upper portion of the alluvium. Any 
imprecision or disturbance affecting individual 
test results does not mask the general trends 
shown for each profile. 
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FIGURE 3. PREDICTION OF RELICT WATER LEVEL 
WITH GEOTECHNICAL TESTS , E MEitSOM SITE 
Approximate values of the preconsolidation 
stress can be obtained from liquidity index 
and sensitivity measurements using the NAVFAC 
DM-7.1 Guidelines (8). The author presents a 
transformation of the DM-7.1 relationship of 
liquidity index vs. overburden stress on an 
arithmetic scale in Figure 5 with a family 
of curves dependent upon sensitivity. The 
transformed DM-7.1 relationship shows a de-
crease in liquidity index with increasing 
stress. A similar decrease in liquidity index 
would be expected for preconsolidation by desi-
ccation. Figure 5 suggests that the pro-
file of liquidity index should increase 
to a maximum value at the base of the crust, 
then decrease with depth as the overburden 
~tress increases. The change in slope of the 
curve appears to define the base of the 
desiccated crust. The liquidity index pro-
files estimated at the Emerson and Anita sites 
in Figures 3 and 4 show the same general trends 
seen in Figure 5. 
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FIGURE 4 PREDICTION OF RELICT WATER LEVEL 
WITH GEOTECHNICAL TESTS, ANITA SITE 
The variable in sensitivity in the liquidity 
index-stress relationship is expected to cause 
deviations in the liquidity index plots as 
shown in Figure 3. The liquid limit varies in 
the lower portion of the profile, apparently 
resulting in multiple slopes of the lower por-
tion of the liquidity index profile. Varia-
tions in texture and sensitivity would be 
expected to complicate evaluation of the 
liquidity index profiJA. 
At the Emerson site, desiccated crust thick-
nesses of 19, 23 and 17 feet, respectively, were 
estimated from the penetrometer, oedometer, and 
liquidity index profiles in Figure 3. At the 
Anita site, desiccated crust thicknesses of 20, 
22 and 24 feet were estimated from the penetro-
meter, oedometer and liquidity index profiles in 
Figure 4. 
Scatter in the test data probably results from 
sampling disturbance and normal variations in 
First International Conference on Case Histories in Geotechnical Engineering 
Missouri University of Science and Technology 
http://ICCHGE1984-2013.mst.edu
FIGURE 50. TRANSFORMATION OF DM·7.1 
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~est results. Scatter may also reflect actual 
differences caused by textural variations. and 
cycles of desiccation stress. Use of stan-
dardized weathering zone terminology (4) is 
presented as a supplementary method to observe 
the relict water level and the thickness of 
the desiccated crust. 
As the water level drops and a drying surface 
penetrates a profile of saturated soil the 
soils above the water level will becom~ oxi-
dized. Hallburg (4) and Daniels, et al (2) 
show that specific groups of colors relate to 
oxidized and unoxidized states based on the 
chemical state of the iron within the soil 
matrix. Oxidized colors of yellow and brown 
occur above the water level and unoxidized 
colors of gray and brownish gray occur below 
the water level. Rust-colored oxidized joints 
occur in the color transition zone and form an 
additional characteristic of the desiccated 
crust. The joints, probably caused by shrink-
age associated with desiccation, allow the 
first air entry into the partially saturated 
soil and provide the first opportunity for 
oxidation as the water level drops. The thick-
ness and frequency of the jointing typically 
decreases with depth. The lowest or relict 
position of the groundwater level appears to 
be marked by the contact of jointed and un-
jointed unoxidized soils. Soderman and Kim 
(7) recognized a brown to gray contact many 
feet above the base of the desiccation crust 
that was interpreted with oedometer test data. 
The presence of jointing was not described. 
Based upon observation of desiccation profiles 
in Wisconsin aged glacial tills in Iowa, a 
zone of jointed gray soil at the base of the 
crust is likely for the St. Clai~ glacial till. 
Examination of records may provide additional 
information correlating the color contact and 
the geotechnical tests. 
Observation of the relict water level by the 
contact of jointed and unjointed unoxidized 
soil suggests a depth of 18 feet at Emerson 
and 24 feet at Anita. Some variation in the 
estimated location of the color contadt is ex-
pected due to the subtleness of the color 
changes. 
OBSERVATION OF STRUCTURE SETTLEMENTS 
The structures observed are corrugated steel 
grain storage tanks. The tank walls are 
supported by a reinforced concrete ringwall 
with an interior concrete floor. The relative 
position of the bins, adjoining facilities, 
s7ttlement monitoring points, and boring loca-
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Within tanks, the stored material will transfer 
a portion of the vertical load to the tank walls 
through friction and the lateral pressure with-
in the stored material (3). The relationship 
of wall and floor pres~ure calculated by 
Janssen's Formula (3) is recognized to be an 
approximation of the actual loads, but is pre-
sented because of the widespread usage. Figure 
7 presents simplified cross-sections of the 
tank foundations and the foundation live loads 
that result from using Janssen's Formula (3) . 
The Emersoti t~nks, constructed in 1982, are 45 
feet in diameter with an eave height of 32 
feet. Corn is stored in the northwest tank and 
soybeans in the northeast tank. The ringwall 
i8 J.B inches thick and 4 feet wide constructed 
integral with a 6-inch interior floor. using 
Janssen's Formula (4), floor and ringwall live 
load pressures of 1170 and 790 psf are calcu-
lated for the northwest bin and floor and ring-
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w~ll pressures of 1270 and 700 psf for the 
northeast bin. Additional loads include about 
135 psf for the floor slab and foundation and 
about 4 feet of fill placed across the site. 
The northwest bin was loaded in a period of 4 
days; the northeast bin in 11 days. 
RINGWALL LOAD DEVELOPED THROUGH TRANSFER 
OF GRAIN LOAD TO WALL BY FRICTION AND 
TANK DEAD LOAD NW NE TANK 




DISTRIBUTED LIVE LOAD ON 'mNK FLOOR 
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1170p,s.f. OR 12 
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FIGURE 7 · Dl STR IBUTION OF LOADS WITHIN GRAIN TANKS 
USING JANSSEN'S FORMULA {4) 
The Anita tank is 42 feet in diameter with an 
eave height of 57 feet. The ringwall is 
supported by a 6-foot wide, 4-foot thick rein-
forced concrete ring footing with a separate 
interior floor. Floor and ringwall live load 
pressures of 1950 and 1920 psf result from 
storage of corn using Janssen's Formula (3). 
Net dead loads of about 250 psf are estimated 
for the interior floor and ringwall foundation. 
The bin was loaded in a period of 15 days. 
The settlement behavior of the grain bins 
during initial loading is used to estimate the 
preconsolidation stress of the soil below the 
desiccation crust. The settlement of the tanks 
was observed by survey during initial filling 
with grain. Representative load settlement 
curves for each tank are presented in Figure 8. 
The yield point, or load at which the load-
settlement relationship appears to increase, is 
assumed to represent the beginning of virgin 
compression within the soil immediately below 
the crust. The yield point for each survey 
point is presented in Table I. For app1ied 
stress at this yield point, the overconsolida-
tion stress immediately below the crust is 
estimated by elastic solutions (6). The dis-
tributed stress at the base of the crust 
(assumed in these calculations to be 20 feet 
thick at Emerson and 25 feet thick at Anita) is 
calculated first using a single elastic layer, 
and second using a double elastic layer with a 
surface layer exhibiting a modulus 10 times 
that of the lower layer. At Anita, superposi-
tion of a strip load along the ringwall with 
the uniform distributed pressure was used to 
account for the grain load on the interior por-
tion of the ringwall foundation. 
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TABLE Y. Y~ELD POINTS FROM LOAD-SETTLEMENT 
CURVES 
Percentage of Live• Load 
Point Emerson Anita 
(NW) (NE) 
1 50 20 
2 53 27 73 
3 53 74 
4 60 22 74 
5 58 71 
6 54 25 68 
7 28 63 
8 53 30 65 
9 57 30 64 
10 55 27 64 





Load, psf 1170 1270 1950 
PERCENTAGE OF APPLIED LIVE LOAD 
















U) .6 ANITA POINT 2 













... . 3 
Ill 
U) 

















. 3 Ill 
U) 
.4 EMERSON N.W. POINT 10 
FIGURE 8 . REPRESENTATIVE LOAD-SETTLEMENT CURVES 
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Table II presents for comparison the estimates 
of overconsolidation stress for the sites 
based upon observations of settlements, pro-
files of laboratory tests, and soil color con-
tacts. 
































Significant differential settlements were ob-
served at the sites. Profiles of perimeter 
settlements based on surveys in November 1983 
are presented in Figure 9. 
At the Anita site, superposition of stresses 
calculated by elastic theory from adjoining 
grain tanks appears to cause about 0.6 feet of 
differential settlement across the bin. At 
the ringwall, average stress increases in the 
soil below the desiccated crust at the ringwall 
due to adjoining structures of about 350 psf 
can be calculated using single layer elastic 
theory. Average applied stresses exceeding the 
preconsolidation stress by about 340 psf are 
estimated for the new tank, based on elastic 
theory. The approximate doubling of the 
applied stress to the soils below the crust 
corresponds well with the observed maximum 
settlement about 2 times the minimum settle-
ment. The sinusoidal shape of the settlement 
profile represents planar tilt (8). The ring-
wall appears to effectively force the differen-
tial settlement to be reflected mainly as tilt 
of the tank. 
CONCLUSIONS 
An understanding of the geologic history of a 
site is important to recognize potential en-
vironmental changes that have occurred since 
deposition that may affect the stress history 
of the formations. Since the formation of a 
desiccated crust over initially normally 
consolidated alluvium can substantially reduce 
the settlement of engineered structures, all 
available means should be used to define the 
crust. 
The case histories presented clearly show 
that color changes and the formation of joints 
in the soil structure are important clues in 
1038 
more accurately defining soil properties and 
the stress history of formations. Special 
attention is warranted in describing soils. A 
higher degree of accuracy in estimating settle-
ment and more confidence in these estimates is 
possible where this information is incor-
porated within the analysis. It is also 
possible to use these characteristics to draw 
preliminary conclusions where the expense 
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